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Abstract 
Hazardous gases in buildings are a concern for public health and security. These gases can 
be released from the building materials to indoor air and their concentration may become critical 
where ventilation is hindered, as such in hypogean or more energetically efficient airtight 
constructions. Furthermore, the gas ventilation and the indoor gas concentration can considerably 
increase by the vapour condensation on the ceiling and walls of buildings. In this paper, we 
characterise the CO2 gas diffusion for a representative range of building porous stones with the 
aim of establishing the effect of the water content in the gaseous diffusion coefficient. 
We propose a new methodology to measure gas diffusion with a laboratory device that 
works under different hygrometric conditions. Results reveal water pore condensation reduces 
both connected porosity and pore size and therefore, the CO2 diffusion coefficient. This variation 
occurs in all the studied porous building stones although it is especially important in stones with 
small pores. Thus, the reduction of CO2 diffusion coefficient for the stone with thinnest pores is by 
50% when relative humidity varies from 20 to 90%. 
Permeability and gas diffusion coefficients present similar trends. Porous stones with larger 
pores and higher porosity values present the highest CO2 diffusion, water and gas permeability 
coefficients. Pore size is the conclusive parameter within the transport coefficients. It greatly 
affects both the tortuosity factor of the CO2 gaseous diffusion and the slip parameter of the 
Klinkenberg’s model for gas permeability coefficient. Finally, for studied samples, we establish a 
power regression, which correlates thoroughly both coefficients.  
Keywords: CO2; built heritage; air quality; porous materials; indoor gas concentration. 
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1. Introduction 
Diffusion of hazardous gas such as 222Rn, CO2, CO, NH3 and volatile organic compounds 
(VOCs) in an indoor environment has become a concern for public health and security, mainly as 
new building regulations are imposing airtight construction to reduce energy consumption [1]. 
Generally, CO2 is not considered harmful at levels routinely encountered in buildings [2]. 
However, the study of radon gas (222Rn) nowadays concerns to many researchers [3, 4] since the 
exposition to radon in homes and workplace represents a potential hazard to human health [5, 6]. 
The soil and building materials are the main sources of indoor radon [4, 7, 8], a natural radioactive 
gas that accumulates within buildings and consequently, is inhaled by their occupants [9, 10]. 
Indoor gas concentration can be significant in both modern buildings and monuments. 
More critical can become gas concentration in garages and cellars or hypogean constructions, with 
hindered ventilation. The vapour condensation on the ceiling and walls of these constructions 
reduces the gas ventilation and, therefore, the indoor gas concentration increases considerably 
[11]. Condensate water depends on the indoor climate conditions, pore structure and pore water of 
the material. It obstructs the direct passage of gases and modifies the gas diffusion coefficients. 
Previous studies in building stones [12] and cementitious materials [13-15] demonstrated that the 
gas diffusion coefficient decreases with the increase of relative humidity. In soils, this reduction in 
the gas diffusion coefficient has also been demonstrated when relative humidity increases. 
Besides, other authors [16-19] also reported the limitation of gas diffusion through soils with pore 
spaces filled with water.  
In monuments, the indoor environment tends to be more stable than the outdoor climate and 
to fluctuate less and more slowly. Building materials include indoor elements (such as stone 
ashlars, clay-based materials, stuccos) and the unique works of art they enclose (i.e.: sculptures, 
paintings, frescoes) [20]. However, variations in the thermo-hygrometric conditions and the 
presence of small pores can raise the amount of moisture within the building element. In this 
situation, materials are partially saturated in water turning into an excellent context to its 
deterioration: water triggers salt and ice crystallisation, clay swelling, chemical deterioration and 
the development of microorganisms; reduces mechanical strength; and contributes to chemical 
weathering by the presence of CO2 [21-23]. 
Substantial research has been undertaken to measure gas diffusion coefficients in the soil 
[24, 25], less in cementitious materials [26] and few in building stones [1]. Most of the previous 
works have calculated the gaseous diffusion coefficients with both laboratories and in situ field 
measurements that, sometimes, are time-consuming, tedious, expensive and difficult to conduct 
[2]. Moreover, these measurements do not contemplate the moisture content in the material during 
the experiment, and therefore, do not consider the variation of gas diffusion coefficient by water 
condensation.  
A different method to estimate gas diffusion in porous materials is via empirical 
relationships with the permeability coefficient [27]. Permeability describes the process of gas 
transport through porous materials due to pressure gradient. The permeability measure is relatively 
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easily performed following standardised procedures [2, 10, 28-30]. Thus, gas diffusion is 
commonly assessed from permeability by empirical relationships that, in most cases, do not 
consider the type of porous material and gas. 
The aim of this paper is to characterise the CO2 gas diffusion in different porous building 
stones. For this purpose, firstly, we propose a new methodology that includes the measuring of 
CO2 gaseous diffusion under different hygrometric conditions. Secondly, we quantify the variation 
of CO2 diffusion coefficients by water condensation in the building stones. Thirdly, we evaluate 
the influence of pore structure on permeability and diffusion coefficients, highlighting the role of 
pore connectivity and tortuosity. Finally, we empirically establish correlations between gas 
transport coefficients. Some practical aspects of this research focus on using gas and water 
permeability tests to estimate the gas diffusion coefficient.   
2. Experimental procedure 
2.1. Materials  
In this study, we use five sedimentary rocks, which are employed as building materials or 
they are found in the Spanish built heritage. They present different petrophysical and petrographic 
characteristics. These building stones can be classified as biocalcarenites (C), sandstones (S), 
limestones (L) and dolostones (D).  
C1 and C2 are well-sorted biocalcarenites and contain a variable amount of terrigenous 
components (quartz, feldspar, mica and dolomite grains) and fossils (mainly foraminifera), and 
they present intergranular porosity [31-33]. S3, with intergranular porosity [31], is a well-sorted 
sandstone mainly composed of monocrystalline quartz grains. D4 shows mesocrystalline calcite 
cement and intergranular porosity [31-33]. The dolostone is a well-sorted sandstone consisting of 
dolomite (75%) and calcite (25%) grains. L5 is a limestone with intergranular porosity [31] and a 
wide range in the size and type of allochems (mainly bivalves, bryozoans and red algae). 
2.2. Methods  
2.2.1. Sample preparation 
From each sedimentary rock, 3 cm diameter and 6 cm length samples were cored. Every 
cored sample was tested in order to obtain water and gas permeability and some porous media 
measurements (bulk and grain densities) (Table 1). Different samples (5 cm diameter and 1 cm 
thick) were employed to measure CO2 gas diffusion and water adsorption. Finally, mercury 
injection test requested core-plug samples of 1.5 cm diameter and 1.5 cm long, whereas circa 10 g 
pieces of samples (3-5 mm wide) were used in the nitrogen and water adsorption characterisations. 
2.2.2. Porous space characterization  
Pore structure was described in terms of porosity, pore size distribution and specific surface 
area, using mercury intrusion porosimetry (MIP), the nitrogen and water adsorption techniques, 
and the helium pycnometer (Table 1).  
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Table 1. Bulk, ρb, and grain, ρd, densities; connected, φc, and total, φT, porosities; pore mean 
radius, rM; specific surface area, SSA; pore volume, vP; maximum adsorbed water, Δm/m0,max; 
percentage of the occupied porosity by capillary condensation, Pcon; water, kw, and intrinsic, kint, 
permeability; and the slip parameter, b, for the studied stones.  
Sample 
Biocalcarenite 
C1 
Biocalcarenite 
C2 
Sandstone 
S3 
Dolostone 
D4 
Limestone 
L5 
ρb [g cm-3] 2.26 ± 0.11 2.11 ± 0.11 2.28 ± 0.15 2.22 ± 0.05 2.16 ± 0.12 
ρg [g cm-3] 2.70 ± 0.09 2.71 ± 0.15 2.67 ± 0.08 2.79 ± 0.13 2.71 ± 0.16 
φc [%] 14.31 ± 0.06 18.83 ± 0.08 13.48 ± 0.06 19.52 ± 0.09 16.32 ± 0.09 
φT [%] 16.30 ± 0.09 22.14 ± 0.09 14.61 ± 0.05 20.43 ± 0.09 20.30 ± 0.06 
rM [µm] 0.08 ± 0.02·10-1 1.48 ± 0.05 2.43 ± 0.07 6.71 ± 0.09 34.18 ± 0.25 
SSA [m2 g-1] 10.22 ± 0.25 8.42 ± 0.11 2.31 ± 0.05 0.69 ± 0.02 0.83 ± 0.06 
vP [cm3 g-1] 1.80·10-2 ± 0.07·10-2 1.26·10-2 ± 0.05·10-2 5.11·10-3 ± 0.09·10-3 1.49·10-3 ± 0.05·10-3 5.00·10-4 ± 0.09·10-4 
Δm/m0,max [-] 1.90·10-2 ± 0.08·10-2 1.21·10-2 ± 0.08·10-2 5.35·10-3 ± 0.10·10-3 3.52·10-3 ± 0.12·10-3 1.80·10-3 ± 0.06·10-3 
Pcon [%] 29.95 ± 0.05 13.55 ± 0.03 9.05 ± 0.01 4.01 ± 0.01 2.38 ± 0.04 
kw [m2] 4.00·10-18 ± 0.06·10-18 1.40·10-14 ± 0.08·10-14 2.02·10-15 ± 0.06·10-15 2.28·10-13 ± 0.06·10-13 1.25·10-12 ± 0.01·10-12 
kint [m2] 3.00·10-17 ± 0.07·10-17 7.14·10-15 ± 0.06·10-15 1.83·10-15 ± 0.03·10-15 2.62·10-13 ± 0.04·10-13 7.07·10-13 ± 0.03·10-13 
b [atm] 0.82 ± 0.01 0.76 ± 0.01 0.70 ± 0.02 0.53 ± 0.03 0.20 ± 0.01 
 
 
Total porosity, φT, is the fraction of the volume of voids over the bulk material volume and 
may be calculated from bulk and grain densities. Bulk density was determined as the ratio of dry 
weight to the volume of the sample. Grain density was obtained using an AccuPyc 1330 Helium 
pycnometer [34].  
The connected porosity, φc, only considers connected voids. The connected porosity and 
mean throat-pore radius, rM (Table 1), were obtained from mercury intrusion porosimetry (MIP) 
with an Autopore IV 9500 Micrometrics mercury porosimeter in the pore size interval of 0.002-
200 µm. Figure 1 shows the throat-pore size distribution of each stone. Specific surface area, SSA, 
and pore volume, vP, was determined with the nitrogen adsorption technique, using an Autosorb-6 
Quantachrome apparatus. The sorption isotherm is type IV and the pore volume is calculated as 
the liquid volume at P/P0 = 0.95. According to the Kelvin equation, the related pore radius at P/P0 
= 0 is 0.01 µm. The determination of the SSA was carried out by the BET method in the relative 
pressure interval P/P0 = 0.05–0.2.  
The adsorption curve (static method) was determined at long exposure time and constant 
temperature (isothermal equilibrium conditions) (Fig. 2). Humidity was controlled by selected 
aqueous saturated salt solutions: H2O (100%); KCl (85%); NaCl (75%); Mg(NO3)2·6H2O (53%); 
K2CO3·2H2O (43%); and CaCl2·6H2O (29%). The elapsed time to reach equilibrium depended on 
relative humidity: approximately a week for low relative humidity and 6–8 weeks for high relative 
humidity. The adsorption curve was plotted as the mass of water adsorbed per unit of dried 
sample, Δm/m0, versus relative humidity, RH. The maximum adsorbed water, Δm/m0,max, was 
calculated as the mass of water adsorbed per unit of dried sample at RH=100%. The maximum 
adsorbed water can be also referred to gravimetric water content, θg. 
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Fig. 1. Pore size distribution curves of the samples. 
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Fig. 2. Water adsorption (∆m/m0) curves over a range of relative humidity. 
 
Water permeability, kw, was measured on water-saturated samples, after vacuum water 
saturation test. Water permeability tests were performed in a triaxial device with an automatic 
pressure system using the steady-state method [35, 36]. The confining, inflow and outflow 
pressures in the triaxial method were 13, 7 and 3 bars, respectively. Water permeability was 
calculated according to Darcy’s equation in steady-state conditions (water flow rate at inflow 
equals to water outflow rate). 
In contrast to liquids, gas permeability depends on head pressure because mean free path 
effects and pressure-dependent wall slippage. Under steady state and laminar flow conditions, 
Klinkenberg [37] demonstrated that the permeability of porous media to gases, kg, is 
approximately a linear function of the reciprocal mean pressure, P, as follows (Eq. 1): 
kg = kint (1+b/P)       (1) 
kint is the gas intrinsic permeability or corrected Klinkenberg’s permeability, which is 
independent of the mean pressure, kg is the apparent permeability for given pressure, and b is the 
slip parameter that depends on the percolating gas and porous medium. Gas permeability was 
performed on dried samples using nitrogen at different inlet and outlet pressures (from 1 to 3 atm). 
The apparent permeability coefficient was calculated following Darcy’s equation in steady-state 
conditions at each pressure, from which the gas intrinsic permeability was determined by way of 
Klinkenberg’s correction (Eq. 1). The coefficients of regression of the least-squares fit in the 
Klinkenberg’s method were always greater than 0.99. 
 
 
 
2.2.3. CO2 gas diffusion coefficient 
CO2 gas diffusion coefficient was measured in a laboratory device [18], which consists of 
two vertical differentiated chambers (5 cm diameter and 20 cm height) with the same volume 
7 
separated by a sealed cell where the sample is placed (Fig. 3). An injection of CO2 gas (4000 ppm) 
maintained a constant concentration in the bottom cell. In the top chamber, the CO2 concentration 
was maintained at 0 ppm at the beginning of the experiment. The concentration gradient between 
the two chambers ensures the diffusion process. CO2 flux, F (mol m-2 s-1) is described by the 
Fick’s first law of gas diffusion (Eq. 2), modified to calculate the CO2 diffusion coefficient, D (m2 
s-1) following the model of [38]: 
F = (D·H/L)·(CBottom – CTop)      (2) 
Fick’s first law (Eq. 2) expresses the proportionality between the concentration gradient 
existent through a profile and the diffusive flux resulted across a surface. H is the partition 
coefficient with a value of 1 in this case since the CO2 is insoluble in the tested samples. CBottom 
and CTop (mol m-3) are the concentrations in the bottom and top chambers of the device. CO2 
diffusion coefficient is calculated for the different studied samples when the gas passes through its 
thickness L (m) from the bottom to the top chamber of the device, considering a mass balance and 
the concentration conditions described above (bottom chamber at constant concentration and top 
chamber initially with 0 ppm of CO2), using Eq. 3: 
CTop (t)/C0Bottom = 1-e-β·D·t       (3) 
where β is a sample geometry parameter equal to 617.3 m-2 in this particular experiment. A 
more detailed explanation of the coefficient calculations is described by Zhang et al. [38]. 
The different hygrometric conditions are automatically established by the injection of water 
vapour in the laboratory device at different concentrations, depending on the required test 
conditions. Tested samples were equilibrated with the water vapour after two pre-cycles of the 
experiment. These pre-cycles were performed before the beginning of the experiment by 
establishing the experimental conditions (relative humidity and gas concentration) with longer 
durations (6 – 12 h) than the real experimental conditions. Then, the equilibrium between the 
sample and the gaseous atmosphere of the chambers was ensured for the diffusion experiment. 
Conditions inside the chambers were recorded with a temperature and relative humidity probe 
(Rotronic HC2-S3H). A CO2 probe (GMP222 Vaisala Carbocap) measured CO2 concentration. 
The temperature inside the chambers remained constant (20ºC) as well as the working pressure 
(atmospheric pressure). The determination of the gas diffusion coefficient was accomplished under 
different hygrometric conditions (relative humidities of 20, 40, 70 and 90%) with the aim of 
establishing the effect of the water content in the diffusion coefficient. Although CO2 is a soluble 
gas, the diffusion of CO2 dissolved in liquid water is negligible compare with the diffusion of CO2 
gas. Moreover, CO2 gas consumption in the pore water can be considered scarce because CO2 
concentration in the chamber is high and constant. In practice pore water obstructs the direct 
passage of CO2 and does not act as a CO2 sink. 
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Fig. 3. Gaseous diffusion measurement device. (1, 2) Top and bottom chambers. (3) Cell to place 
the sample. (4) CO2 concentration probe and (5) temperature and relative humidity probe in the top 
and bottom chamber. (6) Set of valves in the top and bottom chamber. 
 
3. Results and discussion 
3.1. Pore structure 
Table 1 shows porosities, permeability coefficients and pore structure parameters of the 
studied porous stones and Fig. 1 and Fig. 2 display the pore size distribution and water sorption 
isotherm. The studied porous stones exhibit different petrographic and petrophysical 
characteristics. They present meso- and macropores according to IUPAC classification [39]. The 
porous stones have high porosity (15-23%) and a polymodal pore size distribution (Fig. 1), 
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although they show a principal pore population. Pore mean radius, rM, quantifies the main pore 
population and ranges from 0.08 to 34.18 µm (Table 1). Pore size distribution also reveals that the 
porosity below 0.002 µm can be considered negligible.  
The petrographic characterisation reveals that closed porosity is negligible; therefore, the 
fraction of large pores is reflected in the total porosity values, which are always slightly higher 
than the connected porosity. Total and connected porosity are similar in C1, C2, S3 and D4. 
However, L5 contains large grains or bioclasts, and therefore, has large pore radius that mercury 
intrusion porosimetry technique cannot measure. As a result, total porosity is higher than 
connected porosity. 
Figure 2 shows the water adsorption curve of the porous materials at different relative 
humidities. The presence of a bend at a relative humidity of about 75-80% is the result of the 
capillarity water condensation for this type of mesoporous materials. Porosity occupied by 
capillary condensation can be estimated as Δm/m0,max·ρb/ρw (or θg·ρb/ρw) using the water isotherm 
and as vP·(ρb/ρw) in the nitrogen adsorption characterisation. For example, water-condensate 
porosity for C1 is 4.29%, which is the 30% of its connected porosity. The percentage of the 
occupied porosity by capillary condensation, Pcon, can be calculated as the ratio between water-
condensate porosity and connected porosity. This percentage of the occupied porosity varies from 
2 to 30 % of the connected porosity (Table 1). 
The specific surface area, SSA, the pore volume, vP, and the maximum adsorbed water, 
Δm/m0,max, for this kind of building materials are directly related to porosity and inversely related 
to pore size [22, 40]. Materials with high porosity and small pore size (e.g.: C1) present a higher 
SSA, vP and Δm/m0,max than materials with small porosity values and large pore radius (e.g.: L1). 
For instance, a building material with high values of the specific surface area and pore volume 
implies a high capacity and susceptibility of water condensation and retention into the material. As 
a consequence, it is prone to deterioration by salt and ice crystallisation, chemical deterioration or 
the development of microorganisms [21-22, 40]. 
3.2. Water and gas permeabilities 
Permeability values of the studied stones range from 10-18 to 10-11 m2 (Table 1). 
Permeability classifications in hydrological studies [41] or hydrocarbon industry (e.g.: [42]) 
classify them as very low permeable (C1), low permeable (C2 and S3) and permeable stones (D4 
and L5). In general, the intrinsic permeability is at the same order of magnitude than water 
permeability (Fig. 4a). However, kw is lower than kint for C1 and C2 which present few clays and 
thin pores. This discrepancy might be related to the hygric expansion of the materials. When the 
clays are present in lithoclasts they can swell and decrease pore space. On the other, the hygric 
expansion has been attributed to the disjoining pressure and corresponds to the difference in 
pressure within a water film between two surfaces and the pressure of the bulk phase [43]. Hygric 
swelling increases with increasing the specific surface area, which increases as pore radius 
decreases [33] (Table 1). Thus, the hygric expansion in stones may reduce pore size and 
consequently, the water permeability. The interaction between the fluid and the stone does not 
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occur in the gas permeability characterisation, where nitrogen does not interact with rock-forming 
minerals. 
Probably, the simplest model for single-phase permeability was proposed by Kozeny [44] 
and latter modified by Carman [45]. The Carman-Kozeny equation expresses permeability as a 
function of pore size, r, connected porosity, φc, and tortuosity, τ [46-47], as follows (Eq. 4): 
k = (φc·r2)/(8·τ)       (4) 
 
	  
Fig. 4. Correlations between intrinsic gas, kint, and water permeability, kw, CO2 diffusion 
coefficient, D, pore mean radius, rM, and specific surface area (SSA) for the studied building 
stones. 
 
Porous stones with larger pores and higher porosity values present the highest permeability 
values, although the most determinant pore structure parameter is the pore size. Connected 
porosity considers not only the accessible pore space volume but also the pore connectedness 
information. Pore connectedness increases with porosity and is related to the coordination number 
of the pores. Below 10% connected porosity, pore connectivity dramatically decreases as a result 
of the closure and elimination of the throats; meanwhile, in stones where connected porosity is 
higher than 10%, the reduction of the transport coefficients with porosity is due, almost entirely, to 
the gradual reduction of the throat dimensions [35, 48-51]. Thus, for example, C2 and S3 present 
similar pore size distribution and permeability of the biocalcarenite (C2) is higher than sandstone 
(S3) because the latter has a higher porosity value.  
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Klinkenberg [37] evaluated the relationship between slip-enhanced and gas permeability at 
a given head pressure and concluded that the slip parameter, b, is inversely related to mean pore 
size. Jones [52] proposed an empirical relationship between b and permeability, which stated that b 
is higher for lower permeability materials. Our results present similar values although slightly 
higher than predicted values by the Jones’s empirical equation. Thus, these results show the same 
slip-enhanced and gas permeability tendency and highlight the role of the pore size in the gas 
permeability (Table 1).  
3.3. Influence of condensate water on CO2 diffusion coefficients 
As it occurs with the permeability coefficients, porous materials with larger pores and 
higher porosity values present the highest CO2 diffusion coefficients (Table 1 and Fig. 4c). For 
example, the limestone (L5) has the highest CO2 diffusion coefficients because it has the largest 
pore sizes, whereas C1, with the thinnest pores, consequently exhibits the lowest coefficient. The 
studied porous stones present high porosity values so that the most determinant pore structure 
parameter is the pore size. Figure 4c highlights a clear relationship between the CO2 diffusion 
coefficient and pore size, describes by the mean radius, rM (Fig. 4c). The influence of pore size 
distribution on the specific surface area, SSA, is also reflected in diffusion coefficient. SSA 
increases as pore radius decreases [33]. Figure 4d shows this inverse tendency between specific 
surface area and CO2 diffusion coefficient. 
Table 2 shows the CO2 diffusion coefficients at different air relative humidities. Diffusion 
coefficients decrease as relative humidity increases because water condensation within the porous 
system reduces CO2 diffusion. Condensate water at the lowest relative humidity (20%) can be 
considered negligible (Figs. 1-2). At this point, the CO2 diffusion coefficient is determined under a 
porous system free of condensate water and therefore the pore structure in the different stones 
controls the CO2 diffusion.  
 
Table 2. Calculated CO2 diffusion coefficients, D (m2 s-1). 
Sample 
Relative humidity in the chamber device (Dry sample) 
20% 40% 70% 90% 
C1 1.16·10-7 ± 0.02·10-7 9.88·10-8 ± 0.22·10-8 9.00·10-8 ± 0.33·10-8 5.96·10-8 ± 0.48·10-8 
C2 6.68·10-7 ± 0.11·10-7 6.64·10-7 ± 0.13·10-7 6.15·10-7 ± 0.23·10-7 5.78·10-7 ± 0.52·10-7 
S3 4.43·10-7 ± 0.13·10-7 4.37·10-7 ± 0.13·10-7 4.18·10-7 ± 0.19·10-7 3.64·10-7 ± 0.45·10-7 
D4 1.96·10-6 ± 0.09·10-6 1.66·10-6 ± 0.12·10-6 1.55·10-6 ± 0.08·10-6 1.12·10-6 ± 0.21·10-6 
L5 8.02·10-6 ± 0.25·10-6 7.98·10-6 ± 0.42·10-6 7.89·10-6 ± 0.19·10-6 7.70·10-6 ± 0.92·10-6 
 
The gas diffusion coefficient is affected by stone air-filled porosity, ε, which can be defined 
as the difference between the volumetric water content and connected porosity. In the literature, 
several types of expressions have been suggested to represent the relationship between the gas 
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diffusion coefficient and the material air-filled porosity. Gas diffusion in porous materials is 
commonly described using the relative gas diffusion coefficient, D/D0, which is therefore the ratio 
of the gas diffusion coefficient in the material to that in free air. Different linear and curvilinear 
empirical equations describe the relationship between D/D0 and ε in the literature [53-61]. For 
instance, Penman [59] suggested the following linear relationship between the relative diffusion 
coefficient and air-filled porosity (Eq. 5): 
D/D0 = 0.66·ε         (5) 
where 0.66 represents the tortuous length of the pores in the soil. Likewise, we consider a 
linear equation between relative gas-diffusion coefficient and air-filled porosity (Eq. 6): 
D/D0 = ε/τ        (6) 
where D0 is gas-diffusion coefficient in free air (1.39·10-5 m2 s-1 at a temperature of 273.2 K 
and an absolute pressure of 100 kPa; [55]), ε is the air-filled porosity (cm3 cm-3) and τ is a factor 
representing pore tortuosity. The air-filled porosity, ε, can be calculated by subtracting volumetric 
water content, θv, from connected porosity, ϕc, i.e., ε = ϕc - θv.  
Eq. (6) can be expressed as (Eq. 7): 
D/D0= A·ε + B         (7) 
where A and B are the coefficients of the linear regression.  
The air-filled porosity is calculated for the mass of water adsorbed per unit of dried sample 
Δm/m0 or gravimetric water content, θg (Fig. 2). Thus, the volumetric water content, θv, is θv= 
θg·ρb/ρw, where ρb and ρw are respectively stone bulk and water density. For the studied stones, A 
coefficient (Eq. 7) increases as pore size increases being 0.16, 0.47, 1.19, 19.91 and 20.41 
respectively for C1, C2, S3, D4 and D5. These samples present similar connected porosity values, 
always higher than 10% (i.e. well-established pore connectivity). Thus, C1 and C2 present the 
lowest values of pore radius and A-coefficient whereas D4 and L5, with the higher values of pore 
size, relate to the higher values of A-coefficient. According to Eqs. (5) and (6), the coefficient A is 
inversely related to tortuosity factor, τ. Connected porosity quantifies the reduction in the cross-
sectional area available for gaseous transport, while tortuosity characterises the convoluted nature 
of the porous pathways followed by diffusing species [62]. Tortuosity factor, τ, represents the ratio 
of the length of the real path in the network air-filled pores divided by a straight-line value. This 
parameter considers the complexity of the interconnections, the variability of the pore radius and 
the roughness of pore wall. In particular, pore size becomes crucial in path length of gas 
movement. The ratio between the real path and straight-line value (τ) is higher in porous materials 
with small pores. 
Figure 5 shows the variation of relative gas diffusion coefficient at different relative 
humidities. Water pore condensation reduces both connected porosity and pore size and therefore, 
the CO2 diffusion coefficient. This variation takes place in all the studied porous building stones 
although it is especially important in stones with small pores. For instance, the CO2 gas diffusion 
coefficient of C1 decreases by 50% when relative humidity varied from 20% to 90%, whereas the 
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diffusion coefficient reduction in the limestone (L5) is by 4%. The percentage of the occupied 
porosity varies from 30% in C1 to 2% in L5 (Table 1).  
 
	  
Fig. 5. D/D0 (CO2) for the different samples (C1, C2, S3, D4 and L5) over a range of relative 
humidity (20% to 90%). 
 
At low relative humidities (first stages of the condensation process), vapour water is 
adsorbed on pore surface of the stone. With rising air humidity, the number of layers of water 
molecules on the pore surface increases until capillary condensation occurs for pore radius around 
0.1 µm. Porous stones show this behaviour once the relative humidity reaches 75-80%, as the 
vapour adsorption curve displays (Fig. 2). As a consequence, when RH exceeds 75%, the content 
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of condensate water in pores rises and obstructs the direct passage of vapour. This reduces the 
available porosity and pore size and, therefore, gas diffusion through the stone, which becomes 
less permeable to gases as RH approaches 100%. Water condensation in porous building materials 
is a dynamic process involving the flow of water vapour between the air and a solid surface. The 
flow can be significant and varies with time. The process alternates water condensation and 
evaporation, depending on the direction of the vapour gradient between the air and the surface. 
Effective condensation occurs when vapour pressure in the air is higher than on the stone surface 
and it is more active due to the presence of thin pores and dissolved salts [11]. 
Table 1 and Fig. 4d indicate that porous stones with high specific surface area, SSA, 
present less gas diffusion coefficients due to inverse relationship between SSA and pore size. In 
addition, high SSA values also indicate a high capacity and susceptibility to water condensation 
and retention within porous materials [21, 33]. Consequently, porous materials with high SSA 
values will present lower values of gas diffusion coefficients and a sharp variation of diffusion 
coefficients caused by the water condensation. 
Practical interest has the similarity between the pore volume, vP, and maximum adsorbed 
water, Δm/m0,max, in terms of the maximum value of water-condensate porosity. This porosity 
accounts the porosity reduction to gas diffusion. Water-condensate porosity needs several weeks of 
testing whereas the obtained in the nitrogen adsorption characterisation requires a few hours of 
analysis. 
3.4. Relationship between gas permeability and diffusion 
Permeability and gas diffusion coefficients show similar trends (Tables 1 and 2, Fig. 4b). 
Thus, porous stones with larger pores and higher porosity values present the highest CO2 diffusion 
and permeability coefficients.  
Different expressions, which relate gas permeability and gas diffusion, can be found in the 
literature, mostly following a power regression model (k=A·Dn). In this model, constants A and n 
depend on the type of porous material, the humidity and the gas used in the test [30]. For the 
studied porous materials, the correlation between the intrinsic permeability, kint, and CO2 diffusion 
coefficient determined for dried samples, D, is (Eq. 8): 
 kint (m2) = 7.60·D (m2 s-1)2.46       (8) 
where the squared correlation coefficient of the regression is 0.94 (Fig. 4b). This correlation 
calculated in other studies performed in soils and cementitious materials with different gases (CO2, 
222Rn, O2) confirmed that n ranges from 1.3 to 2.5 [30]. The use of gas permeability would 
simplify the characterisation of porous materials as a gas barrier [10]. However, the estimation of 
the diffusion coefficient directly from permeability coefficient is not totally accurate due to the 
constants (A and n) dependency on the type of porous material, humidity and gas. Thus, the 
suggested expression (Eq. 8) would be useful only in case of stones with similar characteristics 
than the studied here. 
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4. Conclusions 
In this paper, we characterise the CO2 gas diffusion for a wide range of building porous 
stones and we quantify its variation by water condensation. Results show that the proposed lab 
methodology properly determines gas diffusion coefficients under different hygrometric 
conditions. 
The studied porous stones exhibit different petrographic and petrophysical properties. The 
porous stones have a complex porous media with high porosity (15-23%) and a polymodal pore 
size distribution. Connected porosities of the studied stones are higher than 10% and they have 
well-established pore connectivity. 
Results reveal that water pore condensation reduces both connected porosity and pore size 
and therefore, the CO2 diffusion coefficient. This variation takes place in all the studied porous 
building stones although it is especially important in stones with small pores. Thus, the CO2 gas 
diffusion coefficient of C1 decreases from 1.16·10-7 to 5.96·10-8 m2 s-1 when relative humidity 
varies from 20% to 90%, whereas the diffusion coefficient reduction in the L5 is by 4%. 
For the studied samples, gas and water permeability coefficients present comparable values, 
which range from 10-18 to 10-11 m2. Permeability and gas diffusion coefficients present similar 
trends. Thus, porous stones with larger pores (D4 and L5) and higher porosity values present the 
highest CO2 diffusion, water and gas permeability coefficients. The most determinant pore 
structure parameter in the transport coefficients is the pore size because it greatly affects both the 
tortuosity factor of the CO2 gaseous diffusion and the slip parameter of the Klinkenberg’s model 
for gas permeability coefficient.  
According, the relationship between gas permeability and gas diffusion fits to power 
regression model, which can be used to estimate the gas diffusion coefficient from permeability. 
Our results conclude the power expression would be useful only in case of stones with similar 
characteristics than the studied in the present paper. 
These findings and the proposed methodologies raise important implications for other 
research fields, including indoor air quality, the characterisation of 222Rn diffusion coefficients in 
soils and other building materials, preventive conservation of cultural heritage in indoor spaces, 
control and studies of subterranean terrestrial ecosystems as reservoirs and/or temporary sources of 
tracer gases. 
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